We have examined the feasibility of mea suring local brain pH in vivo with lleo2 and positron Abbreviations used: BBB, Blood-brain barrier; PET, positron emission tomography.
emission tomography. In particular, we have addressed two objections that have been raised against this method: the assumed need to estimate local tissue Peo2 and the rapid fixation of lie in tissue. From a reexamination of the basic theory, we argue that after administration of lIeo2 the time-dependent distribution of lie between tissue and blood is independent of the distribution of eo, already in the body, making it unnecessary to estimate local tissue Peo2• Assuming that the blood-brain barrier is impermeable to bicarbonate ions, there will be equal partial pressures of IIeo2 in blood and tissue at equilib rium. To overcome the problem of fixation in the tissue we have developed a kinetic model of the time-dependent distribution of lie that accounts for regional variations in blood flow, e02 extraction, pH, and rate of fixation. The Positron emission tomography (PET) permits the quantitative evaluation of physiologic functions of the central nervous system in human subjects. Methods have been developed for the measurement of glucose metabolism (Reivich et al., 1979) , oxygen metabolism, and cerebral blood flow (CBF) (Lenzi et al., 1978; Subramanyam et al., 1978) . Patholog ical processes may alter the ionic environment of the brain, and determination of such changes in re lation to blood flow and metabolic disturbances may help characterize the type and severity of tissue injury. In areas of acute infarction the buildup of lactate would produce a decrease in pH (Plum, 1983) . In this case an uncoupling of CBF and me tabolism may occur, manifested by increased CBF and reduced cerebral metabolic rate for oxygen. With infarction of 2 weeks duration, hyperemia may values of the model parameters can be estimated from sequential measurements of tissue activity concentration during administration of Ileo2. Tissue pH can then be calculated from one of the parameter values, a measure ment of arterial pH, and known constants. Numerical calculations based on the kinetic model with assumed values of the parameters were used to optimize the ex perimental design. The calculations show that problems with fixation are much less severe with continuous infu sion of activity than with bolus administration. During infusion the tissue curve depends strongly on tissue pH but only weakly on the rate of fixation. With state of the art tomographic systems it should be possible to measure tissue pH with an error of about 0. 04 pH units. Key Words: Brain pH-Positron emission tomography Tr acer kinetic models.
be found that is due to capillary hyperplasia (Ack erman, 1981) and theoretically might be distinguish ible from a hyperemia of acute infarction on the basis of pH. Thus a technique for the measurement of local pH should provide information about the physiology of the brain that cannot be obtained with other methods.
The technique of inferring intracellular pH from the distribution of CO2 has been used for more than 60 years (Roos and Boron, 1981) . Raichle et al. (1979) suggested that a similar technique could be applied with PET and CO2 labeled with IIC, a pos itron emitter, to measure regional tissue pH in vivo. Two questions bear on the interpretation and feas ibility of such measurements: (1) How does the dis tribution of IIC between tissue and blood depend on tissue pH and other physiological parameters?
(2) Is an equilibrium measurement practical? Raichle et al. (1979) assumed that llC, when ad ministered as IIC02, approaches an equilibrium dis tribution of equal specific activities of CO2 and HC03" in tissue and blood. Therefore an estimate of tissue CO2 tension would be necessary to calculate tissue pH from the tissue and blood concentrations of IIC. This could be a substantial limitation on the application of the technique in pathological states, in which it is difficult to estimate tissue Peo2• Two other factors complicate the determination of tissue pH from a measurement of the equilibrium distribution of II CO2, The first is that true equilib rium is never reached in a physiological system be cause lIC02 continuously leaves the body in ex pired air. The system may approach a state in which the tissue-to-blood concentration ratio remains con stant even though the total concentration is de creasing, but this ratio will be higher than the equi librium ratio. The difference depends on the rate at which lIC leaves the body, and if not taken into account could lead to a systematic error in the es timation of tissue pH.
The second, and potentially more serious, factor is lIC fixation within the tissue. By fixation we mean the incorporation of IIC into any chemical form other than dissolved CO2 and bicarbonate. Carbon-II may also be present in other compounds in the blood (Lockwood and Finn, 1982) , but the CO2 fraction can be isolated by analyzing blood samples. In the tissue, however, we can only mea sure the total IIC concentration and cannot distin guish the chemical form. Siesj6 and Thompson (1965) measured the rate of uptake of CO2 into different organic fractions of brain tissue in rats exposed to a constant specific activity of 1 4 C02 in the inspired air. They found that although most of the label was dissolved gas or bi carbonate, a significant fraction was in other forms: primarily acid-soluble compounds and protein, but also lipids and nucleic acids. At 15 min, 8% of the 1 4 C was fixed, and at 120 min 32% was fixed. More recently, Lockwood and Finn (1982) investigated fixation of IIC02 in rats following a single breath inhalation. They found nearly 20% of the label fixed after 15 min and concluded that such rapid fixation poses serious problems for determining tissue pH from a single measurement of the distribution of llC02• Preliminary studies of the distribution of IIC fol lowing inhalation of lIC02 (Wechsler et aI., 1982) have led us to reevaluate the method for calculating tissue pH from the measured distribution of lIC. In the section following we have reexamined the basic theory of the equilibrium distribution of lIC02. Contrary to the previous assumption of equal spe cific activities, we conclude that at equilibrium there are equal IIC02 partial pressures in tissue and blood, making it unnecessary to know local Peo2. In view of the problems associated with a single measurement, we have examined the possibility of determining tissue pH from a series of sequential measurements of the tissue concentration. To deal with the problem of fixation we have developed a kinetic model (see below) for the distribution of llC between blood and tissue that includes fixation. The rate constants of the model depend on several fac tors, including tissue pH. Fitting the model to mea sured tissue and arterial concentration versus time curves will allow tissue pH to be calculated from the values of the model parameters. In the Exper imental Strategy section, calculations based on this model have been used to optimize the experimental design and estimate the precision of a pH measure ment attainable with current tomographic systems.
THEORY

Basic theory
The method of measuring pH by observing the distribution of a weak acid or base rests on the fact that the capillary endothelium is much more perme able to neutral molecules than to ions (Roos and Boron, 1981) . The basic theory of the CO2 tech nique can be illustrated with a simple model in which blood (a) and tissue (t) are viewed as a two compartment system separated by a membrane permeable to CO2 but impermeable to HC0:3. (Here we neglect CO2 fixation and assume that CO2 reacts only with water. ) If CO2 is introduced into the blood compartment and the system is allowed to reach equilibrium, conditions of both chemical and dif fusion equilibrium will be satisfied: The concentra tions of the different chemical constituents will be constant and there will be no net flux of material between compartments.
Within each compartment, CO2 will combine with water to form carbonic acid: CO2 + H20 � H2C03 � HC0:3 + H + . At chemical equilibrium with pH in the physiological range, the concentration of H2C03 is very low compared to those of CO2 and HC03", and can be neglected when considering the total concentration. The total CO2 concentration in a compartment is [C02]tot = [C02] + [HC0:3], where [C02] is the concentration of dis solved gas and [HCO:3] is the concentration of bi carbonate ions. The equilibrium concentrations of these two forms are related by the Henderson-Has selbalch equation:
where pK' is the apparent ionization constant and is equal to 6.12 (Siesj6, 1962a) . Assuming pK' is the same for both compartments, the ratio of the concentrations of bicarbonate ions and dissolved gas within a compartment depends only on the pH of that compartment. Since COz can diffuse between compartments there must also be diffusion equilibrium. Diffusion is driven by gradients in the partial pressure (Peoz), so, at equilibrium:
(2)
This equilibrium condition can be expressed in terms of the COz concentrations as:
( 3) where Sa and St are the solubilities of COz. The available evidence indicates that Sa/St = 1 (Siesjo, 1962b; Severinghaus, 1965) . For generality we will retain the factor SiSt in the subsequent analysis, but for numerical calculations we assume that the solubilities are equal.
From Eqs. 1 and 3 the ratio of total COz between the compartments can be calculated:
Thus, if COz is in no chemical forms other than dissolved gas and bicarbonate ions, the equilibrium partition coefficient of total COz between the com partments (L) will depend only on the pH of the compartments and the COz solubilities.
The model above is simplified by the assumption of a single tissue pH. In reality, there are many substructures within the tissue which have different pH values. The pH calculated from Eq. 4 will over estimate the average pH (Roos and Boron, 1981) . If there are n substructures within an element of tissue, each with pH = pHi and fractional volume J;, then the tissue pH calculated from Eq. 4 is
Equilibrium distribution of HCOz in vivo
Before this idealized model can be applied to l1C02 in vivo, we must consider the effect of the concentrations and fluxes of COz already present in the body on the distribution of IIC02. Within the body, COz is not in equilibrium. COz is produced in the tissues as a metabolic product, which results in J Cereb Blood Flow Metabol, Vol, 4, No, 1, 1984 a higher Peo2 in tissue than in blood. This gradient drives a continuous flux of COz from tissue to blood, and ultimately from blood to outside air through the lungs. If breathing and exercise are maintained at constant levels the CO2 distribution can be assumed to be in a steady state, with con stant concentrations and fluxes.
If l1COZ is added to such a system it will not act as a direct tracer of COz. Diffusion coefficients, membrane permeabilities, solubilities, and pH af fect transport of both CO2 and IlCOz, but there is no metabolic production of IIC02. It is metabolic production which primarily determines the distri bution of COz. If there were competition between IICOZ and COz for a saturable carrier, the under lying COz distribution could exert some influence on the resulting IICOZ distribution, but since COz transport between blood and brain is simply by dif fusion the flux of IICOZ is governed only by gra dients in IICOZ tension. The IIC02 molecules are essentially uncoupled from the underlying CO2 dis tribution.
For example, if IlC02 is administered in a way that maintains a constant arterial concentration, I IC will approach an equilibrium distribution of equal partial pressures of IlC02 in tissue and blood, in spite of the existing steady-state CO2 distribution with a higher partial pressure in tissue. Only in the limiting case of zero metabolic production and zero respiratory loss of CO2 will the specific activities be equal. The equilibrium partition coefficient of IlC, in the absence of COz fixation, is thus given by Eq. 4, regardless of the underlying COz distribution.
KINETIC MODEL
The in vivo application of the above theory is complicated by the fixation of IICOZ in other or ganic compounds and by regional differences in blood flow and CO2 extraction. To account for these factors we have developed a compartmental model of the time-dependent tissue concentration of IIC following administration of IICOZ'
Assumptions
The model is based on the following assumptions: 1. IIC02 transport across the blood-brain barrier (BBB) is by diffusion only.
2. There is no transport of HCO) across the BBB.
3. The rate of transport of COz across the BBB (which is determined by both blood flow and cap illary permeability) is much slower than both the transport rate from extracellular to intracellular vol umes and the rate of chemical reaction between COz and water. 4. pK' is constant and uniform throughout the brain.
The first two assumptions imply that the equilib rium concentrations of dissolved gas and bicar bonate ions in blood and tissue will be given by Eq. 4, which provides the fundamental connection be tween tissue pH and the parameters of the model.
The third assumption is justified because the up take of e02 from the arterial blood is essentially flow limited, with an expected rate constant of about 0.3-0.8 min -I. The diffusion rate through tissue fluids and the permeability-surface area product of the cellular membrane should be much larger. Also, even the uncatalyzed rate of reaction of e02 with water, 6.6 min -I (Sanyal and Maren, 1981) , is much larger than 0.5 min -I, and in the presence of carbonic anhydrase this rate can be thousands of times larger. The third assumption makes possible two important simplifications in the modeling of e02 transport: (1) extracellular and in tracellular volumes can be lumped together, and (2) chemical equilibrium can be assumed to prevail at all times, so that the ratio of bicarbonate to dis solved gas in blood or tissue is given by Eq. I. The fourth assumption allows us to relate uniquely the tissue pH to L and the arterial pH.
With these assumptions we have modeled the tissue as two compartments distinguished by the chemical form of lle (Fig. 1) . The first compartment (TI ) represents lle in the form of dissolved gas and bicarbonate ions. The assumption of rapid equili bration between gas and bicarbonate allows us to treat these two forms as one. The second compart ment (T2) represents lle in all other forms. blood carrying IIeo2 passes through the capillary bed, a fraction E will leave the blood and enter the tissue. E is the unidirectional extract fraction of the capillary bed. In general, the local value of E de pends on blood flow, capillary permeability, and the distribution of capillary transit times, but it does not depend on the tracer concentration. If the subject is in a steady state, the local value of E will be constant. The extraction of lleo2 from a small ele ment of blood takes place in a very short time (one capillary transit time, � 1 s). Since the time scale for changes in the arterial concentration of IIeo2 is typically much longer than this, extraction can be assumed to be instantaneous. The rate at which lleo2 enters the tissue is then EFCa(t), where F is the blood flow per unit volume of tissue (ml/min ml) and Ca(t) is the total arterial concentration of lleo2 (gas plus bicarbonate). Then the rate con stants for capillary-tissue exchange are
where kJ is the rate constant for entry of Ileoz into tissue from arterial blood and kz is the rate constant for clearance of lleoz from the tissue element. The form of k2 is dictated by the requirement that at equilibrium the ratio of gas plus bicarbonate be tween tissue and blood given by the model must be the theoretical equilibrium ratio given by Eq. 4:
Note that we have avoided any detailed modeling of the capillary-tissue exchange process. Such modeling would be necessary for interpreting E in terms of the flow and the permeability -surface area product. But to measure pH(, all that is required is to measure L, the ratio of k 1 and kz . Ta king k3 and k4 to be the rate constants de scribing fixation (k 4 allows for the possible return of the label from the fixed form), the rate equations for the two tissue compartments are 
The total tissue concentration is then
Estimates of the model parameters
To make numerical calculations with the model, we have estimated typical values of the model pa rameters from data available in the literature. The conclusions based on these calculations do not de pend strongly on the exact numbers used. The rate constants describing capillary-tissue exchange were estimated using Eqs. 4-6, with reported values for E, F and pHt. Using E = 0.8 (Johnson et a!., 1983), F = 0.6 ml/min-g, pHt = 7.05 (Roos and Boron, 1981) , pHa = 7.4, and Sa/St = 1, the estimated values are k l = 0.5 min � I and L = 0.5. The rate constants describing fixation (k3 and k4) are more difficult to estimate. We have derived values for these constants from the data measured by Siesjo and Thompson (1965) of percent fixed e02 in rat brain as a function of time during inha lation of constant specific activity 1 4 eoz. We fit their data with our model, assuming that their ex perimental procedure would result in a constant ar terial concentration. From Eqs. 9 and 10, the fixed fraction curve is independent of k l and depends only weakly on kz. With L = 0.5 the best fit values are k3 = 0.0057 min � I and k4 = 0.0062 min � I. These values changed < 10% when the data were refit with L = 0.2 and 0.8. The fitted curve is shown as curve 1 in Fig. 2 , along with the measured values for Siesjo and Thompson (1965) . Also necessary for model calculations is the ar terial concentration of Ileoz as a function of time. The shape of this curve has a strong effect on the shape of the resulting tissue curve and on the pre-
cision of a measurment of L. It is difficult to predict Ca(t) theoretically, so we have used a curve mea sured by sampling the femoral artery of an anesthe tized dog. The animal inhaled Ileoz mixed with air for 9 min, at which time the activity supply was stopped. The arterial activity was monitored for 60 min. For ease of calculation the measured curve was fit with an analytic form that is linear during inhalation and a sum of three exponentials during washout ( Fig. 3) :
For t � 9 min, Ca(t) = 3.16t + 6.8 For t � 9 min, Ca(t) = 11.96exp [ -4.07(t -9) 
Although no correction was made for lIe in the blood in some form other than dissolved gas and bicarbonate, the shape of the curve should be fairly representative of the corrected curves that will be measured in practice. min-I, and k4 = 0.006 min-to For curve 1, the arterial con centration curve was Ca = constant; for curve 2, Eq. 11 for Ca(t) was used. The pluses are measured values in rats (Siesjo and Thompson, 1965) . 
EXPERIMENTAL STRATEGY
Basic procedure
We have attempted to develop guidelines for experi mental design that will maximize the precision of a mea surement of L and minimize the uncertainties due to fix ation. The calculations presented below show that some approaches are better than others, particularly the pro tocol for administering the activity. In addition, we have estimated the precision of a measurement of tissue pH attainable with current PET systems.
The measurable quantities are the tissue and arterial blood concentrations of IIC and the arterial pH. The con centrations must be measured as functions of time during and following the administration of tracer. The blood can be periodically sampled from a catheter placed in the fem oral artery. For each sample the plasma IIC concentration can be measured in a well counter after centrifugation. In addition, each sample must be corrected for the pos sible presence of labeled compounds other than CO2 and bicarbonate ions. The tissue concentration can be mea sured with a PET system calibrated against the well counter used for the blood analysis. A tomographic system capable of rapid dynamic imaging (collection times < 1 min) is required.
The measured curves can then be fit with Eqs. 9 and 10 of the model for the tissue concentration to give best fit values of the model parameters. The fitting can be done using established nonlinear least-squares tech niques. Although the equations are written in terms of the rate constants ki (i = 1-4), it is statistically better to fit the data with the parameter set kl, L, k3• and k4. L is then estimated directly rather than calculated from fitted values of k, and k1. The regional tissue pH can then be calculated from Eq. 4 using the best estimate of L for each voxel in the reconstructed image and the measured arterial pH:
(where we have assumed equal CO2 solubilities in tissue and plasma and pK' = 6.12).
Administration of tracer
Since Ca(t) is the driving force of the system, it is rea sonable to expect that one protocol for administering IIC02 may lead to conditions more favorable for mea suring L than another may. The major source of confusion is fixation in the tissue, so a useful criterion for comparing different administration protocols is the fixed fraction of IIC as a function of time. In Fig. 2 the percentage of the tissue activity in fixed form is plotted as a function of time for two different protocols. Each curve was calcu lated from Eq. 10 using the estimated values of the pa rameters-only Ca(t) was varied. Curve 1 results from a constant arterial concentration and curve 2 results from the measured arterial curve (Eq. 11 and Fig. 3) . The dra matic difference in these curves demonstrates that the arterial concentration curve strongly affects the fixed fraction in the tissue.
The nature of these effects can be seen by considering curve 2. There is a sharp change in the slope at 9 min, the point at which the supply of "C02 was cut and the blood curve changed from a steadily increasing one to a rapidly dropping one. Because the exchange of free IIC (gas and bicarbonate) between blood and tissue is rapid, Cn(t) closely follows Ca(t). However, the exchange be tween the free and fixed CO2 is about 100 times slower. When Ca(t) drops rapidly. Cn(t) also drops rapidly. but CT2(t) decreases much more slowly. The fixed fraction thus rises sharply.
These arguments can be used to interpret the available data on the fixed fraction of CO2 as a function of time in rats. Lockwood and Finn (1982) administered only a single breath of "C02 to rats and observed nearly 20% fixed after 15 min. With such a protocol the inhaled IIC02 would quickly enter the tissues because of the high ex traction fraction of CO2, As the blood activity rapidly dropped due to respiration, Cn would also drop, leading to a rapid increase in the fixed fraction. The fractional fixation curve would then look something like curve 2 after 9 min. Siesj6 and Thompson (1965) maintained the specific activity of inspired air at a constant level, leading to a continuous flux of 14C01 into the tissue and resulting in a more gradual rise in the fixed fraction. At 15 min they observed only 8% fixed '4C. The differing results reported by these authors on the rate of fixation may be due just to the different methods of administering the tracer.
To minimize the tissue fixed fraction it is thus best to continuously infuse the tracer, preferably in a way that leads to an increasing arterial concentration. The poorest choice of administration protocol is one that leads to a rapidly decreasing blood concentration, such as a bolus injection or a single breath inhalation.
Precision of a measurement of L
The information on tissue pH is contained in the shape of the tissue concentration curve. However, for each model parameter, some parts of the tissue curve are more sensitive to changes in that parameter than are other parts. The precision of a measurement of L can be im proved by ensuring adequate sampling of the tissue con centration at times when the curve is most sensitive to changes in L. The sensitivity of the tissue curve is illus trated in Fig. 4 . Each curve was calculated from Eq. 10 with the blood curve of Fig. 3 . For each set of curves three parameters were fixed and the fourth varied. These calculations illustrate that the tissue curve is very sensi- tive to the value of L during inhalation (the first 9 min). In this same period the curve is very insensitive to the fixation rates. It is thus essential that the early part of the tissue curve be measured accurately. We estimate (see Appendix) that with current PET sys tems it should be possible to measure tissue pH with a precision of about 0.04 pH units.
Other potential sources of error
In developing the model above we assumed that there is no transport of bicarbonate from blood to brain. Tr ans port of bicarbonate across the BBB may be involved in tissue acid-base regulation (Pavlin and Hornbein, 1975; Vogh and Maren, 1975) , but attempts to measure bicar bonate extraction directly have only recently been re ported (Laux and Raichle, 1981 ; Johnson et aI. , 1983) . The measurement of bicarbonate extraction is difficult because of rapid conversion of HCO) to CO2, even when carbonic anhydrase is inhibited (Sanyal and Maren, 1981) . As a result, the magnitude of bicarbonate transport is still open to debate. The effect of bicarbonate transport on pH measurements has been analyzed by Roos and J Cereb Blood Flow Me/abol, Vol. 4, No. 1, 1984 Boron (1981) (and references therein), who show that fi nite bicarbonate transport rates lead to an underestima tion of tissue pH.
The value of pK' has a slight dependence on pH (Sev eringhaus, 1965) . However, the variation in pK' over the range of pH likely to be encountered in brain tissue is less than the expected error calculated above. To our knowledge, the variation of pK' and tissue CO2 solubility in pathological states has not been investigated, but any change is not likely to be large.
Carbon-II may be present in the blood in forms other than carbon dioxide and bicarbonate (Lockwood and Finn, 1982) , either through direct formation of carbamino compounds (Perrella and Rossi-Bernardi, 1980) , or by up take and incorporation into other compounds in the liver (Tomera et aI. , 1982) followed by release back into the blood. Each arterial blood sample must therefore be an alyzed to isolate the labeled CO2 and HCO) in plasma.
Variations in blood flow or capillary permeability to CO2 will not present a problem for the measurement of pHt. These factors affect the value of k[, but because all the parameters are evaluated in each study these effects will automatically be taken into account.
CONCLUSIONS
In this article we have evaluated the feasibility of determining regional tissue pH by observing the dis tribution of IIC with a PET system during and fol lowing administration of IIC02. The method is based on the assumption that transport of CO2 across the BBB is by diffusion, and that there is no transport of bicarbonate ions. The equilibrium dis tribution of I I COZ will then consist of equal partial pressures of IICOZ in tissue and blood, and not equal specific activities, as has been previously as sumed.
Rapid fixation of IIC in brain tissue precludes the possibility of measuring pH! with a single measure ment (Lockwood and Finn, 1982) . However, pH! can be deduced from a dynamic study coupled with the appropriate kinetic model of IICOZ distribution.
We have developed a model containing four param eters: k l depends on blood flow and the extraction of COz; L depends on the pH, pK', and COz solu bilities of blood and tissue; and k3 and k4 are first order rate constants describing the incorporation of ll C into chemical forms other than COz and HCO).
Sequential measurements of the IIC concentration in tissue and the total ll C02 concentration (in cluding bicarbonate) in arterial blood will allow the parameters of the model to be estimated in each study. Tissue pH can then be calculated from the value of L and a measurement of arterial pH: pH I = 6.12 + 10g[L(l + l OpH a -6.12) -1]
With current tomographic systems, an error in the measurement of tissue pH of about 0.04 pH units should be attainable.
Calculations based on the model presented here have been used to develop guidelines for experi mental design. The severity of the fixation problem (as gauged by the percent IIC fixed in tissue) de pends strongly on the protocol chosen for admin istering the activity. Protocols in which the arterial concentration increases with time (continuous in halation or infusion) result in a much lower fixed fraction of IIC than do protocols that lead to a de creasing arterial concentration (single breath inha lation or bolus injection). In addition, for contin uous inhalation the tissue concentration curve at early times is very sensitive to the value of L and much less sensitive to the values of the other pa rameters. Thorough sampling of this part of the curve is essential for a high-precision measure ment of L.
APPENDIX
The tissue curve can be fit with the model equa tions using nonlinear least-squares techniques to give best fit values for k l ' L, k3' and k4. The pre cision of a measurement of L can be estimated by considering the information matrix 11 m (Meyer, 1975) where Ci(ti,kn) is the tissue concentration at time ti for the best-fit values of the parameters (denoted simply as kn), (T] is the variance of a tissue concen tration measurement at time ti, and n is the total number of concentration measurements. The sub scripts (1) and (m) vary from 1 to 4 and denote a particular parameter. The errors of the estimates of the parameters are the diagonal elements of the ma trix inverse of 11 m , The information matrix depends only on the model and the variances of the mea surements, so by estimating these variances we can calculate the expected errors in the parameters.
To estimate the variance of a tissue concentration measurement, assume that a tomographic slice can be represented as a disk with uniform concentra tion. At time ti the concentration predicted by the model is Ci. Including the effects of physical decay (but neglecting photon attenuation), the variance of a measurement of tissue concentration at time t; is:
where C p is the peak measured value of tissue con centration, (T� is the variance of peak concentration measurement, and "A. is the physical decay constant. The information matrix can then be written The variance of L is thus a result of two factors.
The first is the precision of the concentration mea surements, as characterized by the square of the noise-to-signal ratio achievable at the peak tissue concentration. This factor depends on characteris tics of the tomograph and the dose given during the study. The second term depends only on the model and reflects the sensitivity of the tissue curve to variations of L. It depends on the mathematical form of the model, the parameter values, the arte rial concentration curve, and the times of measure ment.
The model-dependent term was calculated on the assumption that measurements of tissue concentra tion were made every minute for 60 min. The blood curve of Fig. 3 and the standard values of the pa rameters were used. The computed value of (A -l)LL is 0.41. The expected noise-to-signal ratio for L can then be written (for L = 0.5): adL = 1.28 (a p /C p ). We estimate that with current PET systems it should be possible to achieve a noise-to signal ratio of 7% in a resolution element in 1 min from an activity concentration of 1 /-LCi/cm 3 . The uncertainty in L will then be about 9%. For an ar terial pH of 7.4 this translates into an error in tissue pH of only about 0.04 pH units using Eq. 12.
